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Plate impact Hugoniot experiments on JP-10 jet fuel (LA-UR-18-28549)

R. L. Gustavsen,a) J. D. Jones, and B. D. Bartram

Using gas-gun driven plate impact experiments, we have measured the Hugoniot of JP-10 jet fuel to � 15
GPa. JP-10 is C10H16 and consists of tetrahydrodicyclopentadiene isomers. The Hugoniot data is well �t
using the \Universal Liquid Hugoniot" form with sound speed C� = 1:55 mm/�s. (The measured sound speed
at ambient conditions is C� = 1:426 mm/�s.) At 1550 nm, JP-10 remains transparent at shock pressures up
to 15.4 GPa. This suggests higher shock pressures are needed to cause chemical reactions in JP-10.

Keywords: Plate impact, Hugoniot, JP-10, exo-tetrahydrodicyclopentadiene, tricyclo[5.2.1.02,6]decane

I. PURPOSE

The purpose of this study was to measure the Hugoniot
of JP-10 jet fuel using plate impact experiments on the
gas-guns at Los Alamos National Laboratory, Technical
Area 40.

II. MATERIAL

An � 750 ml sample of JP-10 jet fuel was ob-
tained from Paul Kennedy at the Air Force Re-
search Laboratory (AFRL/RQHP). Contact information
is paul.kennedy.3@us.af.mil (937) 546-9662.

The chemical composition of JP-10 was presented
in a 2006 NIST report1 and is reproduced in Ta-
ble I below. The chemical structure of JP-10, exo-
tetrahydrodicyclopentadiene, is depicted in traditional
format in Figure 1.

TABLE I. Major chemical components of JP-10.1

Constituent Composition Mass %
exo-tetrahydrodicyclopentadiene C10H16 96.5
endo-tetrahydrodicyclopentadiene C10H16 2.5
adamantane C10H16 1

a)Electronic mail: rgus@lanl.gov

FIG. 1. The chemical structure of JP-10, exo-
tetrahydrodicyclopentadiene, depicted in traditional organic
chemistry format.

III. THERMODYNAMIC PROPERTIES OF JP-10

Density and sound speed as functions of temperature
were presented in the 2006 NIST report.1 The authors
combined these with measurements of the speci�c heat
at constant pressure, Cp to parameterize an equation of
state based on a Helmholtz potential. In Table II we list
thermodynamic parameters extracted from this poten-
tial. These parameters will be used in calculations that
follow.

TABLE II. Initial condition thermodynamic parameters for
JP-10.

Symbol Parameter value units
T0 initial temperature 20 �C
T0 initial temperature 293.15 K
P0 initial pressure 84.0 KPa
�0 initial density 0.9352 g/cm3

Cv const. vol. speci�c heat 1.206 J/gK
Cp const. pres. speci�c heat 1.532 J/gK
KT isothermal bulk modulus 1.498 GPa
C� sound speed 1.426 mm/�s
Ks isentropic bulk modulus 1.903 GPa
� vol. coef. therm. exp. 0.8335�10�3 /K
�0 Grueneisen parameter 1.107
�0�0 1.035 g/cm3

n refractive index at 589.3 nm 1.4876

mailto:rgus@lanl.gov
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A. The \Universal Liquid Hugoniot"

The Hugoniot, endpoints reached by shocks, is of-
ten represented in the pressure-volume (P � V ) plane,
pressure-particle velocity (P � up) plane and the shock
velocity - particle velocity (Us � up) plane. The \Uni-
versal Liquid Hugoniot" has been found to be a useful
representation of the Hugoniot for liquids.2 It is usually
represented in the Us � up plane as

Us = C�[1:37 � 0:37 exp(�2up=C�)] + 1:62up; (1)

where C� is the speed of sound at reference conditions.
For JP-10, C� = 1:426 mm/�s. In following sections we
will use the Universal Liquid Hugoniot as one baseline to
compare our results with.

IV. CONFIGURATION FOR HUGONIOT
EXPERIMENTS

The con�guration for the experiment is shown in Fig. 2.
These experiments were �red on LANL’s single stage3

and two-stage gas-guns4 at Technical Area 40. A cell
to contain the JP-10 liquid was made from 6061-T6 alu-
minum (Al6061). The back of the cell was made from
a [100] oriented lithium 
uoride (LiF) window. Viton
o-rings sealed the assembly. Photonic Doppler Velocime-
try (PDV)5 was used to measure the time that the shock
broke out at the back of the Al6061 
oor/baseplate and
the time of arrival at the LiF window. Shock velocity,
Us, through the JP-10 liquid sample was calculated as

Us =
�x

�t
; (2)

where �x is the thickness of the JP-10 liquid layer and �t
is the shock transit time through the liquid layer. This,
along with the velocity of the projectile containing the
Al6061 impactor were the fundamental measurements.
All other values were calculated from these.

A. Nominal Dimensions

1. Al6061 Impactors

The Al6061 impactors were 43.2 mm in diameter by �
7 mm thick. Impactors were machined perpendicular to
the projectile axis with a typical 
atness of 0.003 mm.
Flatness is the standard deviation of 3 measurements at
each of 5 locations on the impactor. The impactors were
mounted in 50 mm diameter by � 65 mm long Lexan
(polycarbonate) projectiles with a total mass of � 150 g.

2. Cell \
oor" or baseplate

The Al6061 cell 
oor or base-plates were nominally 2.5
mm thick. The cell 
oors were lapped 
at and parallel
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FIG. 2. Schematic of the experiment. Dimensions shown are
nominal.

with a typical parallelism to the impact surface of 0.005
mm.

3. The JP-10 sample

The JP-10 samples were nominally 31.8 mm in diam-
eter by 6.4 mm thick. Actual thickness was determined
by the height of the \ledge" above the cell 
oor. The
LiF window was pressed against this ledge. Parallelism
to the impact surface was � 0.010 mm for all samples
�red in this series.

4. Lithium Fluoride Windows

The [100] oriented lithium 
uoride (LiF) windows were
nominally 38.1 mm in diameter by 12.7 mm thick. These
had a 1550 nm anti-re
ection coating on the back sur-
face and were plated with a specular aluminum re
ec-
tor 8 k�A thick and 9.5 mm diameter in the center of
the surface in contact with the JP-10 liquid. Typical
parallelism for the window faces was 0.010 mm. Win-
dows were obtained from Re
ex Analytical Corporation
www.reflexusa.com.

www.reflexusa.com
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5. PDV probes

PDV probes for the shock arrival measurements were
obtained from AC photonics (www.acphotonics.com)
part no. 1CL15P020LCC01. This is a collimating probe
with a �200 �m diameter spot size.

V. CALCULATION OF SHOCK STATES

Calculation of the shock states are detailed in the fol-
lowing subsections.

A. Shock Velocity, Us

Shock velocity, UJP10
s , in the JP-10 was calculated as

UJP10
s =

�x

�t
; (3)

where �x is the JP-10 sample thickness and �t is the
shock transit time. Uncertainties in shock parameters,
such as Us, are shown in the following tables and �g-
ures. Uncertainties or error bars for subsequently cal-
culated shock states were propagated using Monte-Carlo
methods.6

B. Particle Velocity, up

Particle velocities are calculated by impedance match-
ing methods.7 We assume a linear Us � up equation of
state for the Al6061

UAl
S = CAl

� + SAlup; (4)

and also that the re
ected Al6061 Hugoniot can be used
in place of the release isentrope. We �nd the shock state
in the JP-10 from the fact that the pressure and particle
velocity in the Al baseplate is equal to that in the JP-10.
That is, we set

�JP10
� UJP10

s up =

�Al
� [CAl

� + SAl(uimpact � up)](uimpact � up); (5)

and solve for up, the particle velocity produced in the JP-
10 and re
ected back into the Al 
oor/baseplate. In Eq.
5, uimpact is the projectile impact velocity. Note also that
UJP10

s on the left hand side of Eq. 5 is the shock velocity
in the JP-10 and measured as described in Section V A.

Equation of state parameters for the Al6061 impactor
and cell 
oor/baseplate are given in Table III. Excepting
�, parameters are from Rigg et al.8 � is from Nellis et
al.9

TABLE III. Equation of state parameters for 6061-T6
aluminum.8,9 The parameter r is the C� : S cross correla-
tion coe�cient taken from the covariance matrix of the linear
�t.

�� (g/cm3) C� (km/s) S r �
2.700�0.003 5.385�0.018 1.339�0.010 -0.849 1.35

C. Calculation of particle velocity, up, using the aluminum
release isentrope

In this section we calculate up in the JP-10 using the
re
ected release isentrope for Al rather than the re
ected
Hugoniot. This is the more correct method. To calcu-
late the Al release isentrope, we numerically solve the
following set of linked di�erence equations;7

Pi =
PH � (�=V )i [Pi�1�V=2 + EH � Ei�1]

1 + (�=V )i �V=2
(6)

where

Ei = Ei�1 � (Pi + Pi�1) �V=2: (7)

The subscript H in the above equations refers to values
on the Hugoniot at speci�c volume Vi. The subscript
i indexes the current step in the calculation and i � 1
would refer to the prior step. Particle velocity, up, on
the isentrope is calculated as

upi = upi�1 �
p

(Pi�1 � Pi) �V (8)

Equations 6, 7, and 8 are used to calculate a forward-
facing isentrope starting at the initial Hugoniot state in
Al. This initial state is the result of impact of the Al im-
pactor on the Al 
oor/baseplate and has pressure, P1(V1)
and particle velocity, up1(V1): The particle velocity at
zero pressure on this isentrope will be a small negative
number. If the forward-facing isentrope is P+(up), the
backward-facing isentrope is then given by

P�(up) = P+(2up1 � up): (9)

We note that this lies very slightly to the right of the
backward-facing Hugoniot through (P1; up1).

Finally, the particle velocity in the JP-10 is found by
solving

�JP10
� UJP10

s up = PAl
� (up) (10)

for up. As before, UJP10
s on the left hand side of Eq.

10, is the shock velocity in the JP-10 obtained using the
methods discussed in Section V A. As a practical matter,
the particle velocity calculated using the re
ected isen-
trope di�ers from the particle velocity calculated using
the re
ected Hugoniot only in the 4th decimal place.

www.acphotonics.com
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D. Pressure, P

The pressure, P in the JP-10 is calculated using the
left hand side of Eq. 5;

P = �JP10
� UJP10

s up: (11)

E. Density, �

The density is calculated from the conservation of mass
jump condition

� = �JP10
�

UJP10
s

UJP10
s � up

: (12)

VI. RESULTS

Results are displayed in Table IV. The \Shot no." is
the unique identi�er for the experiment. uimpact is the
projectile velocity at impact time. Shock states were cal-
culated as outlined in Section V.

Measured wave pro�les for each shot are shown in the
Appendix. Some of the PDV channels looked directly
through the liquid. From these it is possible to measure
wave arrival time at the Al baseplate/liquid interface,
wave arrival time at the liquid/LiF interface, and the
apparent particle velocity, uap

p . It can also be seen that
JP-10 is transparent at 1550 nm to pressures of at least
15 GPa. From this, it can plausibly be inferred that JP-
10 does not react at shock pressures of 15 GPa.

A. Hugoniot Plots

Figures 3, 4, and 5 show Hugoniots for JP-10 in the
US �up, P �up and P �� planes respectively. Data from
the current shot series is displayed as open, black edged
circles. For comparison, data for Diesel fuel from Robbins
et al10 shown represented by black circles. The solid line
was calculated using the "Universal Liquid Hugoniot,"
Eq. 1, using C� = 1:426 mm/�s from Table II. It is clear
that this data is better �t by the dashed line which was
generated using C� = 1:55 mm/�s. A linear Us � up

relation, which �ts many materials well, does not �t the
Hugoniot data for JP-10.

Figure 6 shows the true particle velocity vs. the
apparent particle velocity which was measured at the
aluminum/JP-10 interface using PDV. Note that the true
particle velocity is always slightly higher than the appar-
ent particle velocity. This is caused by the deviation from
Gladstone-Dale relationship between refractive index and
density for the shocked material.11. While this is inter-
esting, we do not have the leisure to pursue the subject
further in this report.

FIG. 3. JP-10 Hugoniot in the Us � up plane.

FIG. 4. JP-10 Hugoniot in the P � up plane.

FIG. 5. Hugoniot for JP-10 in the P � � plane.
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TABLE IV. Summary of measured and calculated conditions for the JP-10 shot series. Experiments are arranged in order of
decreasing pressure, P .

uimpact �x �t US up uap
p P �

Shot no. (mm/�s) (mm) (�s) (mm/�s) (mm/�s) (mm/�s) (GPa) (g/cm3)
2s-1051 3.504�0.004 6.382�0.006 1.020�0.004 6.260�0.026 2.633�0.007 2.612�0.005 15.408�0.064 1.614�0.007
2s-1052 3.035�0.001 6.450�0.001 1.112�0.003 5.802�0.016 2.307�0.003 2.298�0.005 12.511�0.034 1.552�0.004
2s-1053 2.566�0.001 6.426�0.001 1.215�0.001 5.287�0.004 1.979�0.002 1.959�0.003 9.783�0.018 1.494�0.003
2s-1054 2.042�0.002 6.440�0.007 1.376�0.002 4.681�0.008 1.606�0.003 1.579�0.003 7.030�0.020 1.424�0.003
2s-1050 1.552�0.001 6.398�0.003 1.574�0.002 4.065�0.006 1.249�0.002 1.225�0.005 4.745�0.011 1.349�0.003
1s-1655 0.679�0.001 6.488�0.008 2.323�0.005 2.793�0.007 0.578�0.002 0.556�0.005 1.508�0.006 1.179�0.002

FIG. 6. True vs. apparent particle velocity for JP-10 at
1550 nm. True particle velocity was obtained by impedance
matching. Apparent particle velocity was measured through
the shocked liquid using PDV.

Appendix: Measured Wave Pro�les

Figures 7 through 10 show measured wave pro�les.
From PDV channels looking through the liquid, it is
possible to measure wave arrival time at the Al base-
plate/liquid interface, wave arrival time at the liquid/LiF
interface, and the apparent velocity. It is also apparent
that JP-10 does not react and is transparent to pressures
of at least 15 GPa.

One additional oddity of these experiments is that
wave-pro�les recorded at the JP-10/LiF interface are
very broad/noisy in the velocity/frequency direction. An
example is shown in Figure 8. This is often indicative of
multiple velocities. The reason for the velocity spread
is not known, but could be due to heterogeneities in the
shocked LiF window.
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ector, not through the JP-10. The shock wave
is re
ected o� the JP-10/LiF interface. Black dots are the
extracted apparent velocity.

FIG. 9. Wave pro�les for shot 2s-1051, P = 15:4 GPa. After
� 1.02 �s, the shock is re
ected from the JP-10/LiF interface.
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FIG. 13. Wave pro�les for shot 2s-1050, P = 4:7 GPa. After
� 1.55 �s the shock arrives at the LiF window.

FIG. 14. Wave pro�les for shot 1s-1655. One obvious feature
of these wave-pro�les is that the Al-6061 baseplate shows an
elastic-plastic wave. We have made the choice that t = 0
begins when the plastic wave enters the 
uid. We believe the
elastic wave is quickly overtaken, and the correct transit time
is that taken by the plastic wave. After � 2.3 �s, the shock
arrives at the JP-10/LiF interface.
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